The influence of the steric exclusion mechanism on the dependence of the retention on the thickness of the micro-TFFF channel was studied theoretically. A good agreement of theory with experimental data was found. In order to preserve the use of micro-TFFF within an extended range of molar masses and particle sizes, the thickness of the channel cannot be reduced without taking into account a possible deterioration of the separation due to the contribution of steric exclusion to the separation mechanism.
Introduction
Micro-thermal field-flow fractionation (micro-TFFF) is a technique developed recently [1] . Various aspects concerning the miniaturization of the separation channel and the optimization of the operational conditions were already investigated [1] [2] [3] [4] and the micro-TFFF technique was applied to separations of macromolecules [1, 2] , including ultra-high molar mass polymers [2, 5] , and of colloidal particles [3] .
The micro-TFFF technique reveals itself as being very convenient for the determination of the particle size distribution of colloids due to its performance, which is superior in comparison with other methods [6] . Provided that the fractionation is carried out under carefully chosen experimental conditions, it is not only a highperformance but also a high-speed technique [7] . Besides the mentioned use for the characterization of macromolecules and particles, the potentials of the micro-TFFF technique in studies of thermodiffusion of macromolecules and colloidal particles were pointed out [8] .
The application of micro-TFFF to the characterization of macromolecules and particles within an extended range of molar masses and particle sizes requires that the size ratio of the fractionated species to the channel thickness is taken into account when constructing the channel. A decrease in channel thickness can lead to an important contribution of steric exclusion to the mechanism of separation. Such a situation appears whenever the distance of the centre of gravity of the concentration distribution of the retained species from the accumulation wall becomes commen-surable with the size of the retained species [9, 10] . As a result, the fractionation can be completely deteriorated, as explained in Fig. 1 . Each retained species forms a nearly exponential concentration profile across the channel due to the thermal-diffusion generated flux and counter-acting diffusion (see Detail A). Larger species exhibit lower diffusion coefficients and are thus compressed closer to the accumulation wall in a zone of lower longitudinal velocity of the carrier liquid. The elution order is from small-to large-size species in this polarization mechanism. On the other hand, if the distances of the centre of gravity of the concentration profiles of the retained species from the accumulation wall are commensurable with their size, the elution order is inverted in this steric exclusion mechanism because the retained species cannot approach the accumulation wall closer then their radius and thus larger species elute with higher average longitudinal velocity (see Detail B). If both mechanisms are mixed, the separation is deteriorated
In this work, we investigate theoretically the effect of the steric exclusion mechanism on the retention of the fractionated species with regard to minimum thickness of the micro-TFFF channel that should be respected in order to avoid a deterioration of the separation of macromolecules and particles within as large a molar mass and particle size range as reasonable. The results of the experiments carried out with some colloidal and large-size particles were used to prove the validity of our theoretical approach.
Results and discussion
The retention ratio describing the simultaneous action of the normal (polarization) and steric exclusion mechanisms is [11] :
where α = r/w is the ratio of the radius of separated species to the thickness of the separation channel and λ is a dimensionless retention parameter defined below. Whenever α approaches to zero, the polarization mechanism dominates and Eq. (1) takes its usual truncated form. While the elution order in polarization mode TFFF is from the small to the large species, it is inverted in purely steric exclusion mode. Consequently, an optimum channel thickness must be carefully chosen when designing the micro-TFFF channel in order to avoid the undesirable steric exclusion mechanism within the required size range of the fractionated species. Since colloidal particles are obviously more susceptible (due to their sizes) to undergo the mechanism of steric exclusion in comparison with macromolecules separated by micro-TFFF, it is convenient to optimize the choice of the channel thickness with respect to their retention. Eq. (1) can be used to make such an optimum choice. The channel thickness w appears in a straightforward manner in α. On the other hand, the retention parameter λ can be expressed by [7] :
where k B is Boltzmann's constant, T is the temperature, µ is the viscosity of the carrier liquid, D T is the coefficient of thermal diffusion, and ∆T is temperature drop across the micro-TFFF channel. Eqs. (1) and (2) are rigorously valid only if a parabolic flow velocity profile is formed inside the channel. Such a condition is not fulfilled due to viscosity variation with temperature across the channel. Obviously, the coefficient D T can also be temperature dependent. Nevertheless, the errors resulting from the approximate Eqs. (1) and (2) do not exceed the experimental uncertainty of the experimental data for highly retained species [12] and are thus fully negligible with regard to the purpose of this work. As a result, our theoretical approach is valid not only for micro-TFFF but for any micro-FFF technique.
The dependence of the magnitude and even of the sign of D T on the properties of the colloidal particles (such as their size and the chemical character of their surface) suspended in a given carrier liquid (whose components can interact with the particles) is not theoretically well understood. However, it is convenient to use a semi-empirical relationship found recently [6, 7] which is valid within an extended range of operational conditions of micro-TFFF. It is based on Eq. (2), which predicts that D T can be calculated from an experimentally determined dependence λ ∆T/T versus 1/r or 1/d p , where d p is the particle diameter. This dependence was found previously [6, 7] using polystyrene colloidal particles that accumulated at the cold wall [4] . The temperature of the cold wall in the experiments, the results of which are presented in Fig. 2 
As a result, Eq. (1) can be rewritten: Dependence of λ ∆T/T on the reciprocal value of the particle diameter, 1/d p [6, 7] . (Channel thickness w = 100 µm)
The dependence of the reciprocal value of the retention ratio on the particle radius calculated from Eq. (4) with s = 4.75·10 -8 cm, ∆T = 20 K, and T = T c = 303 K (T c = cold wall temperature), is shown in Fig. 3 for the case when only the polarization mechanism is effective (straight line in Fig. 3 ) and for two different channel thickness values (w = 100 µm, upper curve in Fig. 3 , and w = 25 µm, lower curve in Fig. 3 ) in the case when both normal and steric modes participate in the separation mecha-nism. As can be seen in Fig. 3 , whenever the steric exclusion mechanism participates in the separation, an inversion of the elution order appears (see the maxima on both curves in Fig. 3) . A decrease in channel thickness results in a shift of the inversion point (maximum) to lower particle radius. As a result, the channel whose thickness is w = 100 µm covers a more extended range of molar masses or particle sizes which can be fractionated safely without any complication appearing whenever the mechanism of steric exclusion participates simultaneously in the separation, in comparison with the channel whose thickness is w = 25 µm [13] . Fig. 3 . Dependence of the reciprocal value of the retention ratio on the radius of the retained particles in normal (polarization) mode of separation and for a mixed mechanism when both normal and steric modes participate in separation. The straight-line corresponds to the case when only the normal mode mechanism is effective. Curves correspond to the cases when both normal mode and steric exclusion mechanisms are participating in the separation (w = 25 µm, lower curve; w = 100 µm, upper curve)
The above considerations implied the behaviour of colloidal particles under the conditions of micro-TFFF. However, macromolecules can also be concerned, especially if ultra-high molar mass polymers, polymer aggregates, and/or microgels are intended to be characterized by micro-TFFF. In order to evaluate the effect of the steric exclusion mechanism with regard to the optimization of channel thickness, it is necessary to know the effective size of the dissolved macromolecules. An approximate diameter of the macromolecular coil in solution can conveniently be calculated from Einstein's viscosity relationship [14, 15] :
where [η] (in ml/g) is the intrinsic viscosity and equiv ρ (in g/ml) is the density of an equivalent hydrodynamic sphere calculated from viscometry data. The relation between equiv ρ and the molar mass M is given by:
where V is the volume of an equivalent hydrodynamic sphere and N A is Avogadro's number. By combining Eqs. (5) and (6) we obtain:
where is the diameter of an equivalent hydrodynamic sphere (in cm). The dependence of the size of a macromolecular coil on the molar mass can be calculated for the model system of linear polystyrene in tetrahydrofuran (THF) at 25°C, for which the Mark-Houwink relation between the intrinsic viscosity and the molar mass is [16] :
Substitution of Eq. (8) into Eq. (7) and numerical calculation give:
The dependence of d on M is illustrated in Fig. 4 . It can be seen in Fig. 4 that the size (diameter) of the polymers whose molar masses are superior to 10 6 is not negligible. For example, the diameter of linear polystyrene of molar mass 10 7 g/mol is 250 nm in tetrahydrofuran at 25°C, thus comparable with the diameter of a medium-size colloidal particle. Moreover, it is a well known fact that the thermal diffusion coefficients of synthetic polymers dissolved in organic solvents are generally higher in comparison with the thermal diffusion coefficients of colloidal particles suspended in water. Consequently, the above considerations concerning the optimization of the micro-TFFF channel thickness with respect to a potential contribution of the steric exclusion mechanism must be taken into account also when ultra-high molar mass polymers are fractionated. This conclusion might casually lead to a reconsideration of the interpretation of experiments carried out by Giddings et al. [17] who explained the inverted order of ultra-high molar mass polymers by stress-induced diffusion of polymer coils (or entropy-driven focusing) without taking into account a possible intervention of the steric exclusion mechanism. An extensive experimental and theoretical investigation of such an interpretation is now underway in our laboratory.
We have compared the above theoretical calculations with experimental results obtained for a series of polystyrene standard latex samples. The chosen operational conditions of the micro-TFFF covered the range of dominating polarization mechanism, dominating steric exclusion mechanism, and the intermediate domain where both separation mechanisms are participating on the retention. The comparison is demonstrated in Fig. 5 . The experimental data shown in Fig. 5 , obtained for three temperature drops ∆T = 5 K, ∆T = 10 K, and ∆T = 20 K, agree quite well with the theoretical curves calculated for the corresponding experimental conditions. The maximum on the theoretical curve for ∆T = 5 K, corresponding to the inversion point, coincides with the experimental finding. On the other hand, the apparent differences between the maxima on the theoretical and experimental 'best fit' curves for ∆T = 10 K and ∆T = 20 K can be simply due to the fact that we didn't have polystyrene standard latex samples of convenient sizes in the vicinity of the inversion points. The experimental 1/R data of all samples retained in the range of the dominating steric exclusion mechanism are lower (which means that the particles are retained less) in comparison with the theoretical values. It does not seem that these differences could be explained by the intervention of the lift forces [18] because the linear velocities of the carrier liquid applied in the described experiments are too low and we have not observed the emergence of the lift forces in similar recent experiments even at substantially higher linear velocities [7] . Moreover, almost the same retentions obtained for particles undergoing the dominating steric exclusion mechanism at ∆T = 10 K and ∆T = 20 K indicate that the lift force cannot play an important role. A possible explanation of the mentioned differences can be in the size polydispersity of the studied samples. As a matter of fact, while larger-size particles of a retained polydisperse sample undergo the dominating steric exclusion mechanism, lower-size particles are retained weakly by a dominating polarization mechanism. As a result, the average retention ratio R can be higher (the sample is less retained) in comparison with the theoretical prediction calculated for an ideal uniform size sample.
Experimental part
The apparatus for micro-TFFF consisted of a syringe pump model IPC 2050 (Linet Compact, Czech Republic), an injection valve model 7410 (Rheodyne, USA) with a 1 µl loop, a UV-VIS variable wavelength detector model UV-975 (Jasco, Japan) equipped with the 1 µl cell, and an integrator Model HP 3395 (Hewlett-Packard, USA). The versatile micro-TFFF channel was designed in our laboratory and fabricated by Lascialfari, SARL (La Rochelle, France). The dimensions of the microchannel used in this work were 0.1 x 4 x 96 mm 3 . The cold wall temperature was controlled and kept constant by using a compact, low temperature thermostat Model RML 6 B (Lauda, Germany). The electric power for the heating cartridge was regulated by an electronic device designed and built up in our laboratory. The temperatures of the cold and hot walls were measured by a Digital thermometer (Hanna Instruments, Portugal) equipped with two thermocouples.
An aqueous solution of 0.1% detergent Brij 78 (Fluka, Germany) and of 0.02% NaCl was used as the carrier liquid.
Polystyrene latex particles (PS) were used in this study. The average particle sizes provided by the supplier (Duke Scientific Corp., USA) are given in Tab. 1. 
